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Bivalve larvae use catch muscles for rapid shell closure and maintenance of the closed condition. We used 
specific antibodies against the muscle proteins together with phalloidin and neuronal markers, 
FMRFamide and serotonin (5-HT), to analyze mutual distribution of muscle and neuronal elements in 
larvae of the mussel, Mytilus trossulus, and the oyster, Crassostrea gigas. At trochophore and early 
veliger stages no anatomical connections between muscular and nervous system were detected. By the 
pediveliger stage the 5-HT innervation of the anterior adductor developed in oyster only, while rich 
FMRFa innervation of the adductor muscles developed in both species. Possible roles and mechanisms 
of FMRFamide and serotonin in the regulation of the catch state are discussed. 
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INTRODUCTION 

Bivalvia is a taxon of marine and freshwater molluscs which have two valves. Adult 
bivalves represent an established model for the study of the regulation of muscle 
contraction. Muscles in adult bivalves can be cross-striated, obliquely striated, or 
smooth. Based on certain functional characteristics, adult bivalve shell muscles are 
often classified as retractors, protractors (responsible for movement of internal organs 
foot, mantle), or adductors (allowing for the mussel to close its shell). Based on the 
distribution of thick and thin filaments in the myocytes, the adductors of marine 
bivalves are often divided into two morphologically distinct parts: smooth (catch) and 
striated muscles. Sometimes a clear distinction between striated and smooth muscles 
is difficult, since two myofibril types may coexist in the same system as, e.g. in the 
adductors of adults of the oyster Crassostrea and the scallop Agropecten [12]. In adult 
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Mytilidae (Mytilus trossulus, Crenomytilus grayanus) the anterior and posterior 
adductors as well as the retractors are smooth muscles. Obliquely striated muscles are 
rare and are, for example, found in the pericardial gland of the adult scallop, 
Patinopecten caurinus. Bivalve smooth muscles (retractors and adductors) exhibit a 
mechanical state known as "catch", which is characterized by long-term force main
tenance with very low energy requirement [18, 23]. According to the classical model 
of catch regulation, cholinergic (A Ch) nerves have excitatory function, while signals 
coming from serotonergic (5-HT) nerves result in rapid relaxation of the catch force 
[14,23]. While the biochemical and physiological aspects of regulation of contraction 
in adult catch muscles have been well studied, little is known about the myoanatomy 
of larval muscles and their neuronal innervation. 

We selected the larvae of the mussel, Mytilus trossulus and the oyster, Crassostrea 
gigas, for a detailed morphological analysis of 5-HT and FMRFamide immunoreac
tive innervation of the catch muscle during development. Adults of both species have 
a different sedentary life style: oysters are cemented to a hard substrate by one of its 
two valves, while mussels are attached to the substrate by strong and elastic byssus 
threads. However, M trossulus and C. gigas have common features oflarval develop
ment: both species have a free-swimming, non-feeding trochophore larvae, which 
develop into planktotrophic veliger larvae that subsequently metamorphose into the 
settled juveniles. Only at later developmental stages the bivalve larvae show unique 
species-specific morphological features useful for species identification. The inner 
morphology of larvae and the structure of muscular and neural systems, in particular, 
remain largely unknown. 

Development of bivalve molluscs has been described for a number of species using 
light microscopy, transmission and scanning electron microscopy [4, 6-8, 10] as well 
as immunocytochemistry [2, 9, 24]. Larval morphology of the brooding clam Lasaea 
adansonii (Gmelin, 1791) (Bivalvia, Heterodonta, Galeommatoidea) was described 
by Altnoder and Haszprunar [2]. Authors described myo- and neuro-anatomy at 
restricted developmental stages did not detect innervations of larval muscles by sero
tonin and FMRFamide-immunopositive fibers. Previously, we have demonstrated 
that neurogenesis and myogenesis starts at the trochophore stage in the mussel, 
Mytilus trossulus. The pioneer muscle cells form a prototroch muscle ring, surround
ed by the apical organ consisting of the 5-HT- or FMRFamide immunopositive cells. 
Later, at the veliger stage develops a distinct striated pattern in three pairs of larval 
retractors attached to the base of the growing shell. At the same stage the anlage of 
the anterior adductor muscle is formed. Mussel larval metamorphosis is accompanied 
by a massive reorganization of striated muscles, followed by the development of 
smooth muscles capable of catch-contraction. Despite of simultaneous myo-neuronal 
development of mussel larvae, no innervation of muscle structures by serotonergic 
and FMRFamidergic neurons in bivalve larvae were detected [9, 24]. 
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MATERIALS AND METHODS 

Adults of the oyster, Crassostrea gigas, and the mussel, Mytilus trossu/us, were col
lected in Vostok Bay, the Sea of Japan (Marine Biological Station 'Vostok', A. V. 
Zhirmunsky Institute of Marine Biology of the Far East Branch of the Russian 
Academy of Sciences). The animals were maintained in running and aerated seawater 
at 15 DC. Prior to the experiments, the animals were washed two to three times in 
UV-sterilized filtered sea water. Spawning was induced by thermal shock (tempera
ture was first decreased to 10 DC and then raised to 20 DC for a 15 min period). Egg 
fertilization and subsequent development was monitored using light microscopy. 
Developing embryos were cultivated in tanks at 16 DC. Samples were collected at the 
following stages: trochophore (30 hours post-fertilization, hpf), early veliger (55 hpf), 
D-veliger (90 hpf) and pediveliger (30 days) (for definition of larval stages see 
[4, 19]). 

Immunochemistry 

Prior to fixation larvae were anesthetized using a solution of 7% MgCI2 in 0.1 M 
phosphate buffered saline (PBS, pH 7.4). After relaxation, larvae were fixed in 4% 
paraformaldehyde in 0.1 M PBS for 6 h at 4 DC and rinsed three times for 15 min in 
0.1 M PBS with 0.1 % NaN3 added. Veliger larvae were decalcified in 0.1 M EDTA 
for 1 hour at RT and washed thrice in PBS. Permeabilization oflarvae was performed 
in 0.1 M PBS with 0.1 % NaN3 and 1 % Triton X-lOO (PBST) for 15 min at RT, fol
lowed by incubation in blocking solution (BS; 10% normal goat serum in PBST) 
overnight at 4 DC. Animal were incubated for 3-5 days at 4 DC in BS containing an 
anti-acetylated a-tubulin antibody (l : 3000, monoclonal, Sigma, USA), produced in 
mouse, together with either an anti-FMRFamide or an anti-serotonin antibody (both 
1 : 2000, polyclonal, Immunostar, USA), produced in rabbit. After rinsing the larvae 
thrice in PBST the specimens were incubated in a 1 : 1000 dilution of AlexaFluor 488 
goat anti-rabbit (GAR) IgG (for FMRFamide and serotonin detection) and AlexaFluor 
633 goat anti-mouse (GAM) (for tubulin detection, Molecular Probes), together with 
AlexaFluor 546 phalloidin (Molecular Probes, USA; dilution 1 : 500, for labeling of 
filamentous actin) in 0.1 PBST overnight at 4 DC. The specimens were then washed 
three times in PBS for 15 min, stained with 0.1 !J,g/ml DAPI (Sigma) in PBS to label 
cell nuclei, then washed again three times in PBS for 15 min and finally immersed in 
Mowiol mounting medium (Calbiochem, USA) with 2.5% DAPCO anti fade (Sigma). 
At least 30 embryos were examined at each stage for each of the antibodies applied. 
Negative controls were performed by omitting primary antibodies and showed no 
specific staining. Samples were viewed on a Leica SP5 or a Leica SPE confocallaser 
scanning microscope. The images were processed with Photoshop 8.0 software 
(USA) and 3D reconstructions were generated using ImageJ software (USA). 
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RESULTS 

Neuromuscular anatomy of early developmental stages 
(trochophore, D-veliger) 

No elements immunopositive to the muscle proteins paramyosin, myosin, or twitchin 
were detected at the early trochophore stage (28 hp±) of any of the two representatives 
investigated, Mytilus and Crassostrea, while antibodies against 5-HT and FMRFamide 
revealed solitary immunopositive cells (data not shown). At the veliger stage (55 hpf) 
phalloidin visualizes the four cross-striated retractors and the anlage of the anterior 
adductor, which is arranged in a similar pattern in both species. The 5-HT system in 
M trossulus is restricted to the apical organ only, while in C. gigas 5-HT immunopo
sitive apical cells penetrate deep into the body of the oyster veliger and send fibers 
ventrally. These fibers surround the mouth and reach the region of the developing 
foot. The FMRFamidergic system shows a similar morphology in both species and 
comprises the neurons of the apical organ and the anlagen of the pedal and visceral 
ganglia. FMRFamide immunopositive cells of the apical organ connected to the anla
gen of the pedal ganglion and the anlagen of the pedal ganglion were in contact with 
the anlagen of the visceral ganglion via commissures. Neither serotonergic nor 
FMRFamidergic processes are found to project from the ganglia into the periphery. 

D-veliger larvae have more developed striated velum retractors and the smooth 
anlagen of the adult adductors start to form in both species. No 5-HT positive fibers 
are found to extend from the apical cells to muscles and only few FMRFamide immu
nopositive processes run from the region of the apical organ towards the anterior 
adductor but do not reach the developing smooth muscle. Thus, while D-veliger lar
vae of C. gigas and M. trossulus have already well developed muscle and nervous 
systems, no innervations of the cross-striated retractors and developing adductors by 
5-HT and FMRFamide fibers are detected at this stage. 

Neuromuscular anatomy of later larval stages 
(late veliger, pediveliger) 

The musculature became highly complex in the late veliger and pediveliger stages. 
The branching of the striated velum retractor muscles becomes more profound (Fig. 
IA-D, arrows). The paired larval retractors and anterior adductor continue to develop 
in both species. Well-defined foot muscles and posterior adductor muscles appear in 
the oyster pediveliger (Fig. 1 D). Up to the pediveliger stage, 5-HT immunoreactivity 
is restricted to the cells of cerebral ganglia and their processes in M. trossulus mussel 
larvae. 5-HT immunopositive fibers project from the apical neurons to the velum and 
form a ring underneath the ciliated velar cells (Fig. lA). No innervation ofthe smooth 
anterior adductor, the striated velum retractors or any other muscle types by 5HT 
immunopositive processes was detected (Fig. 1 A I). By contrast, C. gigas pediveliger 
possess a much more complex 5-HT system. Similar to the M trossulus larva it 
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includes the cells of cerebral ganglia and the fibers with thickenings underneath the 
ciliated velar cells. In addition, cell bodies are present in the pedal and visceral gan
glia. The cells of cerebral ganglia containing FMRFamide connects to the paired 
pedal ganglia that in turn connect to the visceral ganglia by commissures. Prominent 
neurite projects from each pedal ganglion and terminate between the muscle filaments 
of the anterior adductor (Fig. 1 B, B 1). Tt is to be noted that these fibers have a bul
bous-like thickening at their distal endings (Fig. 1B 1). 

The FMRFamidergic system shows a similar pattern of immunoreactivity in 
C. gigas and M trossulus pediveligers. Tt comprises cells within the cells of cerebral 
ganglia and the paired pedal and visceral ganglia connected by commissures (Fig. 1 C, 
D). Processes from the apical organ form varicose ramifications underneath the cili
ated velar cells but do not form contact with the distal branches ofthe velum retractor 
muscles. Thin processes from the pedal ganglia terminate between the anterior adduc
tor muscles in pediveligers of both species. In addition, thin fibers from the visceral 
ganglia innervate the posterior adductor, the basal (proximal) portion of the velum 
retractors and the stomach region in the oyster (Fig. ID). Note that FMRFa
immunoreactive fibers with bulbous-like thickened branch-like structures in anterior 
and posterior adductors of C. gigas pediveliger and in anterior adductors of M. tros
sulus pediveliger are detected (Fig. ICI, DI). 

DISCUSSION 

Our results demonstrate that larval catch muscles are innervated by serotonergic and 
FMRFamidergic neurons in the pediveliger larvae of the mussel M. trossulus and the 
oyster C. gigas. In both species FMRFamidergic fibers from paired pedal ganglia 
were found to innervate the anterior adductor in pediveligers. In addition, the 
FMRFamidergic processes from the visceral ganglia innervate the posterior adductor 
in the C. gigas. Contrary to the oyster, 5-HT immunoreactive innervation was not 
detected in the anterior adductor of the mussel pediveliger. The morphology of the 
terminal part of the neurites that innervate the anterior adductors suggests synaptic
like contacts for both FMRFamide and 5HT-processes with the smooth catch
muscle. 

The unique ability of some bivalve smooth muscles to maintain the contracted state 
for prolonged periods of time with very little expenditure of ATP energy is known as 
catch [12]. In adult animals such muscles are innervated by cholinergic and seroton
ergic nerves [13]. When catch muscles are stimulated with ACh, it gives rise to an 
elevated intracellular Ca2+ concentration and an initial phasic contraction associated 
with a relatively high energy usage. After cessation of stimulation, the muscle fibers 
relax only very slowly or even fail to relax altogether. This state of slowly decreasing 
force in the absence of stimulation represents the catch state. During catch, the 
energy consumption is low and the intracellular free Ca2+ concentration similar to 
those in the resting state [13]. Catch force is relaxed by 5HT, which is released from 
synapses of specific neurons [23]. Serotonin induces an increase of intracellular 
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cAMP [1] that activates protein kinase A, which in turn phosphorylates the muscle 
protein twitchin [5, 21], resulting in termination of catch [20, 21]. Despite progress 
in the study of catch phenomena the molecular basis of contracted state is still 
unclear. 

Understanding current models of catch mechanism has significant gaps in knowl
edge. Specific tonic and phasic motoneurons may regulate different states of muscle 
activity (contraction, catch and relaxing). Moreover, catch state may be the result of 
activities of excitatory and inhibitory nerve fibres, the latter drastically limiting the 
duration of the contracted state of the muscle. Nevertheless, to date no clear answer 
concerning the question whether the state of catch is due to the innervation of muscles 
by multiple neurotransmitters in adult bivalves can be provided. 

To date, there is no detailed anatomical or physiological evidence that muscle 
development in early stage molluscan larvae is controlled by the nervous system. Our 
data show that adductor muscles are innervated by 5-HT and FMRFamide
immunopositive fibers at later larval stages of C. gigas and M trossulus. Molluscan 
FMRFamide neuropeptide isolated from ventricles of the clam Mercenaria merce
naria can increase the force and frequency of heart beating. These actions are identi
cal to those of 5-HT, but are not blocked by methysergide, an antagonist at the 5-HT2C 

and the 5-HT1A receptors. Similar to 5-HT, FMRFamide stimulates adenylate cyclase 
activity and elevates cAMP levels in the heart of adult Mercenaria. Moreover, 
FMRFamide showed to be more potent than 5-HT in stimulating cardial excitation, 
cAMP accumulation and adenylate cyclase activity [11]. The mechanism coupling 
FMRFamide cardioinhibition with increased cAMP levels remains obscure. On the 
one hand, cAMP increase could be a direct effect of FMRFamide on a receptor cou
pled to adenylate cyclase, as in the Mercenaria heart. On the other hand, it could be 
a consequence of the inhibitory effects of the peptide, as in the smooth muscle where 
the increase in cGMP is caused by an influx of Ca2+ caused by the agonist [11, 15, 
16]. Thus, FMRFamide seems to mimic the effects of 5-HT as a cardioexcitatory 
agent of adult molluscan hearts [15] via a pharmacologically distinct receptor. These 
findings suggest that FMRFamide and 5-HT act on separate, specific receptors to trig
ger a common intracellular mechanism. 

Fig. 1. Fluorescence immunolabeling of the muscle (red) and nervous (green) elements in pediveligers of 
the mussel, Mytilus trossulus (A, C) and the oyster, Crassostrea gigas (B, D). Anterior is to the top and 
the dorsal side is left. Higher magnifications of the pediveliger anterior adductors (an.ad) depicted in A-D 
are presented in A I-D I. 5-HT positive immunostaining was restricted to the cells of cerebral ganglia for 
mussel pediveliger (A), while oysters possessed of cerebral (cg), pedal (pg), and visceral (vg) 5-HT-im
munopositive ganglia (B). No innervations of mussel muscles by 5-HT were detected (A, A I). Processes 
from pedal ganglia innervate the adductor of C. gigas (B) and terminate with bulbous-like structures 
between muscle filaments (Bl). FMRFamide immunoreactivity was detected in all three pairs of ganglia 
in both M. trossulus (C) and C. gigas (D) pediveliger. FMRFamide innervated the smooth catch-muscle 
anterior adductors (an.ad) of M. trossulus (Cl) and C. gigas (Dl) and the posterior adductor (p.ad) and 
the velum retractors (r, arrows) in C. gigas only (D). v - velum. Scale bars are 100 Ilm in A-D and 

20 Ilm in A I-D I 

Acta Biologica Hungarica 63, 2012 



228 V. Dv ACHUK et al. 

FMRFamide is present in neurons that send peripheral processes to the smooth 
catch muscles. These findings suggest that FMRFamide can be released by neuronal 
excitation to act on muscle fibers. In contrast to adult molluscan heart tissue, 
FMRFamide stimulated tonic contractions similar to ACh without affecting tissue 
levels of cAMP in adult catch muscle [16]. In Aplysia, it could be demonstrated that 
FMRFamide inhibits spontaneous and ACh-induced contractions of the anterior giz
zard without affecting adenylate cyclase [3]. Our morphological results suggest that 
not only classical neurotransmitters such as 5-HT and ACh regulate catch muscle 
contraction but also neuropeptides such as FMRFamide may play an important role 
in regulation of catch muscle activity. Thus, while the role of FMRFamide in catch 
phenomena remains unknown, we propose the following hypothesis: ACh stimulates 
catch muscle and induces intracellular Ca2+ elevation during initial phasic contrac
tion, than FMRFamide inhibits the effect of ACh without affecting levels of cAMP 
and intracellular Ca2+. These specific conditions probably result in entering the state 
of catch. 
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